Cognitive decline is rapidly becoming an important cause of disability worldwide and contributes significantly to increased mortality. Cardiovascular risk factors, particularly hypertension, play an important role in the development of cognitive dysfunction, including Alzheimer's disease (AD), leading to increased prevalence of dementia in the aging population[@b1][@b2][@b3]. Heart--brain interaction is one of the 10 most-promising advances in cardiovascular therapies and interventions for the next decade[@b4]. However, the relationship between hypertension and cognitive function is complex and not completely understood, the results of clinical trials of anti-hypertension therapies on cognitive function are not all consistent and limited by the short-term follow up[@b1][@b5][@b6].

The hippocampus is thought to be an important region of the brain for learning and memory. It plays important roles in the consolidation of information from short-term memory to long-term memory and spatial navigation. Synaptic plasticity is the neurobiological basis of learning and memory, which includes functional plasticity of synaptic transmission and structural plasticity of dendritic spine morphology and number[@b7][@b8]. Long-term potentiation (LTP) is an important manifestation of functional plasticity of synaptic transmission, mostly intensely studies in the hippocampus, and is a widely studied as a cellular model of learning and memory[@b9].

In recent decades, many reports have shown that p38 MAPK signalling pathway plays important roles in hypertension, cognitive dysfunction, and synaptic plasticity[@b10][@b11][@b12][@b13]. p38 MAPK inhibition can ameliorated angiotensin II--induced target organ damage and aortic stiffening[@b14][@b15]. Activated p38 MAPK was seen in human AD brain tissue and in AD-relevant animal models[@b11][@b16][@b17][@b18]. The block of LTP induced by synthetic Abeta was prevented by the p38 MAPK inhibitor[@b19].

In this study, we investigated whether p38 MAPK mediate the deleterious effects of hypertension on cognitive function. Using angiotensin II-dependent hypertensive mice, we found that activation of p38 MAPK, synaptic plasticity impairment and memory disorder. *In vivo*, using a p38 heterozygous knockdown mice (p38^KI/+^) model, we found that synaptic plasticity and memory were improved in angiotensin II-dependent p38^KI/+^ hypertensive mice. *In vitro*, application of p38MAPK inhibitor SKF86002, we found that impaired LTP was improved in hippocampal slices from angiotensin II-dependent hypertensive mice. These data provide novel insights into the mechanisms of hypertension-related cognitive dysfunction and suggest new treatment strategies for counteracting the cognitive impairment of hypertension.

Results
=======

Angiotensin II induces hypertension in both C57BL/6 and p38^kI/+^ Mice
----------------------------------------------------------------------

Angiotensin II treatment was started at the age of 9 weeks and was continued for 4 weeks. Schematic depiction of experimental design in [Fig. 1](#f1){ref-type="fig"}. *In vivo* experiment, at 9 weeks, there was no significant difference of systolic blood pressure between control C57BL/6 and p38^KI/+^ mice. Angiotensin II treatment resulted in a rapid (1 weeks after implantation), significant, and sustained raise in systolic blood pressure. Although blood pressure in p38^KI/+^ &HT mice slightly lower than HT mice (p \< 0.001), it remains at its higher level in both HT and p38^KI/+^ &HT mice compared to control ([Fig. 2A](#f2){ref-type="fig"}). *In vitro* experiment, angiotensin II significantly raised the systolic blood pressure (p \< 0.001), and there is no difference between hypertension + vehicle group and hypertension + SKF86002 group ([Fig. 2B](#f2){ref-type="fig"}).

p38 MAPK is inhibited in p38^KI/+^ &HT mice hippocampus
-------------------------------------------------------

To test our hypothesis that p38 MAPK critically regulates hypertension-related cognitive dysfunction, we examined the level of p38 MAPK activity (phosphorylation) in the hippocampus. Nine weeks old WT and p38^KI/+^ mice were subjected to hypertension surgery and hippocampal lysates were analyzed for p38 MAPK phosphorylation at four weeks post-surgery. As shown in [Fig. 3A](#f3){ref-type="fig"}, the phosphorylation of p38 MAPK was significantly increased in the HT mice hippocampus compared to control hippocampus (p \< 0.001), which was decreased in p38^KI/+^ &HT mice comparison to HT mice (p \< 0.001), and there was no significant difference between WT mice and p38^KI/+^ mice.

Dendritic spine number is increased in p38^KI/+^ &HT mice
---------------------------------------------------------

To determine the effect of p38 MAPK knockdown on dendritic spine number, WT and p38^KI/+^ mice were subjected to hypertension at 9 weeks of age. Dendritic spine number on hippocampal CA1 pyramidal cells, was determined on week 4 post-surgery by Golgi analysis. As shown in [Fig. 3B](#f3){ref-type="fig"}, the density of dendritic spines (number/30 μm) was decreased in HT mice comparison to control mice (p \< 0.01), but which was increased in p38^KI/+^ &HT mice compared to HT mice (p \< 0.05).

p38 MAPK inhibition rescues hippocampal LTP deficit
---------------------------------------------------

To investigate synaptic functional changes, we performed extracellular electrophysiological recordings on hippocampal slices at four weeks post-surgery. Hippocampal slices were incubated with artificial cerebrospinal fluid (ACSF) for 1 h and then LTP was detected after theta burst stimuli (TBS) delivery. Data of fEPSP slopes during 0--10 min (i.e. post-tetanic potentiation, PTP) and 50--60 min (i.e. LTP) after TBS application were summarized and compared. As shown in [Fig. 4A,B](#f4){ref-type="fig"}, LTP induction was significantly impaired in slices of HT mice when compared with that in controls, while in slices of p38^KI/+^ &HT mice significantly rescued LTP induction compared to HT mice (p \< 0.05). Furthermore, no unequivocal change was found for the I/O curves of the various treatment conditions. (all P \> 0.05; [Fig. 4C](#f4){ref-type="fig"}), indicating that these treatments did not alter basal synaptic transmission. *In vitro* experiment, p38MAPK inhibitor SKF86002 incubation significantly improved LTP induction in slices from hypertensive mice (p \< 0.05)([Fig. 5A,B](#f5){ref-type="fig"}), and no unequivocal change was found for the I/O curves after the treatments of SKF86002 when compared with that after the vehicle treatment (all P \> 0.05; [Fig. 5C](#f5){ref-type="fig"}).

p38 MAPK knockdown protects against memory deficit in p38^KI/+^ &HT mice
------------------------------------------------------------------------

To investigate the influence of p38 MAPK knockdown on cognitive function, four group mice were subjected to the Morris water maze test at three weeks post-surgery. During the training days, the latency and distance for finding the escape platform were measured to assess spatial learning abilities. There were no differences in learning abilities among different groups, even though the latency in p38^KI/+^ &HT mice was longer than p38^KI/+^ mice in first training day (p \< 0.05). ([Fig. 6A,B](#f6){ref-type="fig"}). Because, the distance and other 3 days latency were no differences.

Memory was assessed by the probe test. The time spent in the target quadrant of HT mice was less compared to the control mice (p \< 0.001), while p38^KI/+^ &HT mice spent more time in the target quadrant area than HT mice (p \< 0.05). ([Fig. 6C](#f6){ref-type="fig"}). p38^KI/+^ &HT mice entered the platform area more frequently than HT mice, but the difference between the two groups did not reach the statistical significance ([Fig. 6D](#f6){ref-type="fig"}).

The cue test, where the latency is used to measure sight and speed to evaluate motricity, showed no significant difference among different groups ([Fig. 6E,F](#f6){ref-type="fig"}).

Discussion
==========

In this study, we demonstrated that hippocampal p38 MAPK activation, synaptic plasticity impairment and memory disorder in angiotensin II-dependent hypertensive mice. Furthermore, we showed that impaired synaptic plasticity and memory were rescued in transgenic p38 MAPK knockdown hypertensive mice, and p38 MAPK inhibitor SKF86002 rescued hippocampal LTP deficit in slices from hypertensive C57BL/6 mice. This study provided evidence for p38 MAPK may be a potential therapeutic target for the treatment of hypertension-related cognitive dysfunction.

Hypertension is a risk factor for senile dementia. Many observational studies have shown that hypertension is a risk factor for cognitive impairment or dementia in the elderly[@b20][@b21][@b22]. In the largest and longest prospective study, involving 3,381 adults (aged 18--30 years at baseline) in four cities in the USA and with 25 years of follow-up, cognitive function was assessed at year 25 with the most-sophisticated technology, which showed that cumulative levels of blood pressure were associated with impaired cognition[@b2]. In hypertensive animal models, behavioural studies revealed cognitive impairment[@b23][@b24][@b25][@b26][@b27]. In our study, we found that learning ability was not impaired and that memory storage was affected in HT mice, this may be explained by the period of hypertension is not too long, and memory impairment is the earliest and most prominent clinical features[@b28].

Although the relationship between hypertension and dementia is well established, the impact of antihypertensive treatment and management of other risk factors on cognition is less clear. Several studies have investigated the effect of antihypertensive treatment on the development of dementia in the hypertensive patients[@b29][@b30][@b31][@b32][@b33]. However, the results were markedly different among the studies, and meta-analyses have not reached a conclusion[@b34][@b35]. Furthermore, high SBP was associated with better cognitive performance in centenarians[@b36][@b37]. Deposition of β-amyloid in brain is enhanced in mouse models of arterial hypertension[@b38][@b39]. Howere, bapineuzumab and solanezumab, 2 Aβ targeting monoclonal antibodies, have failed to meet trial cognitive end points in mild to moderate AD patients[@b40][@b41].

The hippocampus is essential for consolidation of declarative information and spatial navigation. Synaptic plasticity is an important cellular mechanism that regulates memory formation. LTP in the CA1 region of the hippocampus has been the primary model to study the cellular and molecular basis of synaptic plasticity. Alterations of dendritic spine morphology, changes of spine type ratios or density have consequently been found in paradigms of learning and memory, and accompany many neurodegenerative disease. A significant amount of evidence suggests that the p38 MAPK signalling cascade plays a crucial role in synaptic plasticity and in neurodegenerative diseases. p38 MAPK as a possible therapeutic target for Alzheimer's disease[@b42]. At the same time, p38 MAPK inhibition also plays protective effect in the cardiovascular disease[@b43][@b44]. We first found that increased hippocampal p-p38 MAPK expression in HT mice, which was significantly reduced in p38^KI/+^ &HT mice, furthermore, impaired hippocampal synaptic plasticity and memory were improved in p38^KI/+^ &HT mice, and LTP deficit in HT mice was rescued by treatment with p38MAPK inhibitor.

We also found that blood pressure was partially reduced in p38^KI/+^ &HT mice compared with untreated HT mice. This result was similar to previous study which used p38 MAPK inhibitor in diet[@b14]. While the lower blood pressure may reflect a milder cerebral damage, we think that p38 MAPK knockdown was a major cause for the improvement of synaptic plasticity and cognitive function in p38^KI/+^ &HT mice. There are several points to support our idea. Firstly, hypertension persisted at a level of \>140 mmHg. Secondly, the impact of antihypertensive treatment on cognition is less clear. Last but not least, impaired hippocampal CA1 LTP in hippocampal slices from hypertensive mice can be rescued by p38 MAPK inhibitor treatment *in vitro*.

In conclusion, we reported that hippocampal p38 MAPK activation, synaptic plasticity impairment and memory disorder in angiotensin II-dependent hypertensive mice. *In vivo*, we found that synaptic plasticity and memory are improved in angiotensin II-dependent p38^KI/+^ hypertensive mice. *In vitro*, impaired LTP was improved in hippocampal slices from hypertensive mice by p38MAPK inhibitor treatment. Those data indicate that p38MAPK inhibition effectively improves synaptic plasticity and memory in mouse model of hypertension. This study provides novel insights into the mechanisms of hypertension-related cognitive dysfunction and suggests new treatment strategies for counteracting the cognitive impairment of hypertension.

Methods
=======

Study protocol was approved by the Ethics Committee of Kunming Medical University. All procedures were performed in accordance with our Institutional Guidelines for Animal Research and the investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85--23, revised 2011).

Experimental design
-------------------

*In vivo* experiment, four experimental groups were analyzed: (1) 0.9% saline solution control C57BL/6 mice (wild-type \[WT\] group); (2) angiotensin II-treated C57BL/6 mice (hypertensive \[HT\] group); (3) 0.9% saline solution p38^KI/+^ mice (p38^KI/+^ group); and (4) angiotensin II-treated p38^KI/+^ mice (p38^KI/+^ &HT group). *In vitro* experiment, three experimental C57BL/6 groups were analyzed: (1) control + SKF86002 group; (2) hypertension + vehicle group; (3) hypertension + SKF86002 group.

Animals
-------

Eight week-old C57BL/6 wild-type male mice and p38^KI/+^ male mice (22--26 g) were used for this study. p38^KI/+^ mice in C57BL/6 background have been described previously (in which activating phosphorylation sites Thr180 and Tyr182 are mutated, leading to an inactivation of phosphorylation of these sites.)[@b45], which were obtained from Institute of Molecular and Cell Biology (Biopolis Drive, Proteos, Singapore). Animals were kept under a 12 h/12 h light/dark cycle with the light on at 07:00 AM. They were fed with standard chow and water ad libitum. Ambient temperature and relative humidity were maintained at 22 ± 2 °C and 55 ± 5%, respectively.

Angiotensin II-induced hypertension
-----------------------------------

Mice were anaesthetized with intraperitoneal administration of pentobarbital sodium (1.0%, 80 mg/kg). The skin was cleaned with 70% ethanol between the ears and a small skin incision was made to insert an osmotic pump under the skin in the lower back region. After surgery, stitches were used to hold the two edges of tissue together, so the wound could heal. Each osmotic pump (Alzet model 1004) delivered 0.11 μl/h for a 28 day period and was filled with either 1900 ng/kg/min of angiotensin II or a 0.9% saline solution.

Blood pressure measurement
--------------------------

Blood pressure was taken by non-invasive tail-cuff plethysmography (IITC Life Science, USA). The measurements were taken five days before surgery to accustom the mice to the procedure. Afterwards, blood pressure was measured once a week until the end of the experiment. The animals were displaced in the blood pressure measurement room at least one hour before measurements. All measurements were taken between 8 AM and noon. For each animal, four valid measurements for each time point. Data were not considered valid by the software in the following situations: 1) blood flow was insufficient in the tail; 2) the overall shape of the trace did not fit the expected profile; 3) the diastolic and systolic readings occurred too far apart or too close together.

Western blot analysis
---------------------

Hippocampal was homogenized in RIPA buffer (150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCL, PH 8.0) containing protease inhibitor and phosphatase inhibitor (Thermo). Lysates were then dissolved in 2 X laemmli sample buffer (Biorad), and boiled at 95 °C for 5 minutes. For western blot, lysates (50 ug protein) were added in SDS-PAGE and electroblotted onto PVDF membrane. The membranes were blocked with 5% skim milk in TBS-T, and then probed with desired antibodies. Primary antibodies against p-p38 (Cell Signaling), p38(Anbo) and β-actin (Sigma) were used. Immobilon Western Chemiluminescent HRP Substrate (Merck) was used to reveal the antibody-antigen complexes.

Golgi staining
--------------

Mice were processed and stained according to the protocol provided by the manufacture (FD Neuro Technologies). In brief, after brain removal, hemispheres were immersed in Golgi-Cox staining solution for 14d at room temperature in the dark with one change of solution after 24 h. Brains were transferred to C solution at 4 °C for 72 h with one change of solution after 24 h. Coronal sections (150 μm) were mounted onto slides coated with C solution. After drying in the dark, slides were immersed into dH~2~O two times for 2 min and then transferred to a developing solution for 10 min. Slides were then rinsed two times for 2 min in dH~2~O, dehydrated through graded ethanol, immersed into dimethylbenzene two times for 4 min and then coverslipped using resinene. Golgi-stained sections were imaged with an confocal microscopy (Leica, Germany) and used the LAS AF Lite of the imaging software (Leica). Measurements of dendritic morphology were performed on neurons randomly chosen in the CA1 region of the hippocampus for analysis. Two-order branches of apical dendrites from pyramidal neurons in hippocampal CA1 were acquired. At least 5 branches from 5 different neurons were analyzed per animal and calculated the density of spines per 30 μm dendrite.

Hippocampal slice preparation
-----------------------------

Mice were anaesthetized and decapitated. Acute hippocampal slices were cut 350 μm thick using a vibratome (WPI). The slices were gently transferred to a submersion holding chamber containing ACSF (mM: NaCl 126, KCl 2.5, NaH~2~PO4 1, CaCl~2~ 2.5, MgSO~4~ 1.5, NaHCO~3~ 26, and glucose 10) bubbled with 95% O~2~ and 5% CO~2~. Slices were recovered at room temperature for at least 1 h before being transferred to a submersion recording chamber (PSMI; Harvard Apparatus, Holliston, MA, USA), in which the slice were continually perfused with oxygenated ACSF at a rate 1--2 ml/min at room temperature.

Electrophysiological recording
------------------------------

Field excitatory postsynaptic potentials (fEPSPs) were recorded in the stratum radiatum of the hippocampal CA1 region by means of a glass microelectrode filled with 3 M NaCl (resistance 1--4 MΩ). The Schaffer collateral pathway was stimulated with concentric bipolar electrodes (Frederick Haer Co, Bowdoinham, ME, USA). After an optimal fEPSP wave was found, an input--output (I/O) curve was established with stimulating pulses (0.2 ms duration) at different intensities. Baseline fEPSP was recorded at 0.033 Hz with a stimulating strength adjusted to yield about 40% of the maximal response. After baseline responses had stably lasted for at least 30 min, LTP was induced by delivering theta burst stimuli (TBS; four trains of 10 bursts of four stimuli with 20 s, 200 ms, and 10 ms intervals between trains, bursts, and stimuli, respectively). The electrophysiological data was acquired with a multiclamp 700 A amplifier (Axon instruments, Molecular Devices, USA), filtered at 0.1--5 KHz, digitized at 10 KHz, and analyzed with Clampfit version 10.0 (Axon Instruments, USA). The analyzed data was further processed with Origin 5.1 (Microcal Software Northampton, MA).

p38 MAPK inhibitor application *in vitro*
-----------------------------------------

p38 MAPK inhibitor SKF86002 was purchased from Sigma. It was dissolved in 100% dimethylsulfoxide (DMSO) stock solution and stored at −20 °C until the day of the experiment. The final concentration of DMSO was kept at 0.02%. SKF86002 (2 μM was used at final concentration) was preperfused over the slices for 10 min before LTP induction.

Morris water maze
-----------------

The Morris water maze (MWM) was used for testing hippocampus-dependent spatial memory. It was conducted following the protocols reported previously with minor modification[@b26]. In brief, animal activity was measured by a video-based tracking system (ANY-maze, Stoelting). The pool was filled with opaque water (by adding washable white paint) and surrounded by extramaze cues. The escape platform (10 cm in diameter) was placed in the center of a designated quadrant with its top positioned 1 cm below the water surface. The light was dimmed and the water temperature kept at 23 ± 2 °C degree. The training phase lasted 4 days during which the mice were allowed four 90 second trials per day to find the escape platform. Each trial was 20 min apart. The probe and cue tests were administered on the 5th day. During the probe test, the hidden platform was removed from the pool, and mice were allowed to swim for 60 sec. The time spent in each quadrant, as well as the number of platform crossings were recorded. The platform was then placed, some water was removed so that the escape platform became visible. One trial was given to evaluate sight and motricity. Sight was measured by the latency finding the escape platform and motricity was assessed by the speed of the mice during the trial.

Statistical analysis
--------------------

All data are expressed as mean ± SEM. The data on BPs, electrophysiology and distance and latency of MWM were analyzed by two-way repeated-measures ANOVA. One-way ANOVA was used to analyse other datas. Bonferroni multiple-comparison test was performed for comparisons between groups. Values of P \< 0.05 were considered statistically significant. Statistical analysis was performed with SPSS 17.0 (SPSS Inc).
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(**A**) experimental design *in vivo*. (**B**) experimental design *in vitro*.](srep27600-f1){#f1}

![Mean systolic blood pressure during chronic angiotensin II or saline (Ctrl) perfusions.\
(**A**) *in vivo* experiment (n = 17--20, \*\*\*p \< 0.001 vs control WT and p38^KI/+^ group, ^\#\#\#^p \< 0.001 vs HT group). (**B**) *in vitro* experiment, (n = 5, \*\*\*p \< 0.001 vs control + vehicle group).](srep27600-f2){#f2}

![p38 MAPK knockdown increases dendritic spine number on hippocampal CA1 pyramidal cells.\
(**A**) WT and p38^KI/+^ mice were subjected to hypertension surgery at 9 weeks of age. Four wks post-surgery, western blotting was performed on the hippocampal lysates.Right bar graph shows quantification of p38 MAPK phosphorylation in hippocampus, n = 3 mice per experimental group. (**B**) Representative Golgi stain image. Right bar graph shows quantification of dendritic spine density, n = 3, and five neurons per mouse were analyzed. Data are presented as mean ± SEM. \*\*\*p \< 0.001, \*\*p \< 0.01, ^\#^p \< 0.05 by one-way ANOVA with Bonferroni post-test.](srep27600-f3){#f3}

![p38 MAPK knockdown rescues hippocampal LTP impairment.\
(**A**) LTP induced by TBS in four group mice. Insert is representative waves before and after TBS application. Right graph shows the traces in a represented fEPSPs recorded in a hippocampal slice from four group mice. (**B**) PTP and LTP data from four group were summarized and compared together, n = 8 slices from five animals for each group, \*p \< 0.05, HT group vs WT group or p38^KI/+^ group or p38^KI/+^ &HT group. (**C**) I/O curves are shown (all P \> 0.05).](srep27600-f4){#f4}

![SKF86002 rescued hippocampal LTP deficit in hypertensive mice.\
(**A**) LTP induced by TBS in three group mice. Insert is representative waves before and after TBS application. Right graph shows the traces in a represented fEPSPs recorded in a hippocampal slice from three group. (**B**) PTP and LTP data from three group were summarized and compared together, n = 8 slices from five animals for each group, \*p \< 0.05, hypertension + vehicle group vs control + SKF86002 group or hypertension + SKF86002 group. (**C**) I/O curves are shown (all P \> 0.05).](srep27600-f5){#f5}

![p38 MAPK knockdown prevents memory deficit, n = 9--12.\
(**A**) Latency taken to escape from the water in the platform trials. (**B**) Distance taken to escape from the water in the platform trials. (**C**) Percentage of time spent in the quadrant area relative to the total time spent in the pool in the probe trial. (**D**) The number of crosses over the exact location of the hidden platform in the probe trial. (**E**) Latency taken to escape from the water when the platform is visible in the cue test. (**F**) Swimming speed in the cue test. \*p \< 0.05, p38^KI/+^ &HT group vs p38^KI/+^ group; \*\*\*p \< 0.001, HT group vs WT group or p38^KI/+^ group; ^\#^p \< 0.05, p38^KI/+^ &HT group vs HT group.](srep27600-f6){#f6}
